A systematic blade design study was conducted to explore the trade-offs in using low-lift airfoils for a 750-kilowatt stall-regulated wind turbine. Tip-region airfoils having a maximum lift coefficient ranging from 0.7−1.2 were considered in this study, with the main objective of identifying the practical lower limit for the maximum lift coefficient. Blades were optimized for both maximum annual energy production and minimum cost of energy using a method that takes into account aerodynamic and structural considerations. The results indicate that reducing the maximum lift coefficient below the upper limit considered in this study increases the cost of energy independently of the wind regime. As a consequence, higher maximum lift coefficient airfoils for the tip-region of the blade become more desirable as machine size increases, as long as they provide gentle stall characteristics. The conclusions are applicable to large wind turbines that use passive or active stall to regulate peak power.
Introduction
The use of aerodynamic stall is a common means of regulating peak power for horizontal axis wind turbines (HAWTs) operating at constant speed. Stall regulation can be performed either actively (pitch control) or passively (fixed pitch), the latter being the more popular approach. For both of these approaches, the stall characteristics of the airfoils used over the tip region of the blades are important because they strongly affect the dynamics of the rotor, and thus the structural design of the blades. Reducing blade dynamic excitations, such as stall-induced vibrations, can be achieved using airfoils having a gentle stall, which typically have a low maximum lift coefficient (c l,max ), i.e., low-lift airfoils. In contrast, high-lift airfoils often have an abrupt or hard stall that is characterized by a rather large loss in lift and negative lift-curve slope. As a result, high-lift airfoils increase blade dynamic excitations as compared with low-lift airfoils. The use of high-lift airfoils, however, is beneficial for minimizing blade solidity and enhancing starting torque. Also, for a given amount of laminar flow, high-lift airfoils are more efficient (higher lift-to-drag ratio) than airfoils with a low c l,max . Therefore, there are design tradeoffs in selecting the lift range of the airfoils for a particular rotor.
The trade-offs between low-lift and high-lift airfoils for stall-regulated HAWTs have been recognized for some time now. Since 1984, the National Renewable Energy Laboratory (NREL), in collaboration with Airfoils Inc., have developed over 10 airfoil families specifically for wind turbines. Most tip-region airfoils have a low c l,max , in the range of 0.9−1.2, while the root airfoils have a higher c l,max . [1] [2] [3] Another important characteristic of the NREL airfoils is that their c l,max is less sensitive to roughness effects as * Graduate Research Assistant, Aeronautical and Astronautical Engineering Department.
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The results of this paper were presented at the ASME Wind Energy Symposium, Reno, NV, January 11-14, 1999. compared with airfoils that were designed for aircraft applications and used on wind turbines. 3 Blades for both experimental and commercial wind turbines have successfully used the NREL airfoils. [4] [5] [6] The approach of using a high-lift airfoil for the inboard part of the blade and low-lift airfoils for the tip region has also been reiterated in a recent report from Risø. 7 More precisely, this report states that high-lift airfoils are desirable inboard to obtain a slender blade and low lift-airfoils should be preferred outboard to minimize negative aerodynamic damping.
Even though the importance of using low-lift airfoils in the tip region has been recognized, 3, 7 it is unclear if there is merit in considering airfoils having a lower c l,max than that of the NREL airfoils. Accordingly, the present research effort focused on identifying the practical lower limit of the maximum lift coefficient within the range of 0.7−1.2 for airfoils tailored for stall-regulated wind turbines. Another objective was to investigate the effects of increasing swept area by reducing c l,max in the blade-tip region. To carry out those two objectives, a method for rotor optimization that takes into account both aerodynamic and structural considerations was developed. The blade design method, which is described in Section 2, was used to perform a systematic blade design trade-off study for a 750-kilowatt (kW) stall-regulated HAWT. The results of this study are presented and discussed in Section 3. Section 4 provides the conclusions, which are applicable to large wind turbines that use passive or active stall to regulate peak power.
Blade Design Method
The blade design approach section is subdivided into six subsections, namely: (1) design approach, (2) design constraints, (3) annual energy production computation, (4) cost of energy computation, (5) airfoil data, (6) case matrix and optimization cases.
Design approach
The blade design trade-off study was performed using the computer program PROPGA, 8, 9 which is a genetic algorithm based optimization method for the blade geometry of HAWTs. In brief, PROPGA mimics Darwin's theory of the survival of the fittest over a population of candidate blade shapes that evolves from one generation to the next. Blade designs having a large fitness according to the objective function for the optimization process have a larger probability to "reproduce" in creating the new generations compared with those with a small fitness value. A binary string represents each candidate blade geometry, and the reproduction process involves crossover and mutation operators. More details about PROPGA can be found in Refs. 8 and 9.
In this work, two objective functions were considered: maximum annual energy production (AEP) and minimum cost of energy (COE). For the optimization for maximum AEP, PROPGA was used to determine the optimum chord and twist distributions as well as the blade pitch for a given airfoil family. The chord and twist/pitch were optimized at four radial stations (15%, 40%, 75%, and 95% radius) and a cubic spline was used to obtain the chord and twist values at each blade segment. In optimizing for minimum COE, PROPGA provided the optimum rotor diameter in addition to the optimum chord, twist, and pitch. The computer program PROPID, 9, 10 which is an inverse design method for HAWTs based on the PROP code, [11] [12] was used to analyze the rotor performance of the candidate blade designs. The AEP was computed by PROPID while the COE computations were performed by PROPGA.
The following PROPGA and PROPID settings were used:
• • Sea-level atmospheric conditions
Design constraints
The trade-off study was conducted for a three-blade, upwind, fixed-pitch, 750-kW HAWT having a baseline rotor diameter of 44 m. In the optimization process, the inverse design capability of PROPID was used to ensure a rated power of 750 kW by iterating on blade pitch. For noise considerations, the tip speed was fixed at 62 m/s, which corresponds to 27 revolutions per minute (rpm) for the baseline rotor diameter. Therefore, the rpm was adjusted according to the rotor diameter for the case of the optimization for minimum COE. Airfoil families made up of three airfoils (root, primary, and tip airfoils) were considered. The distribution of these airfoils along the blade and their respective thickness was fixed, i.e., root airfoil (24% thick) up to 40% radius, primary airfoil (21% thick) at 75% radius, and tip airfoil (16% thick) at 95% radius. This airfoil distribution is that of the NREL thick-airfoil families. 
Annual energy production computation
PROPID generated a power curve from the cut-in to cut-out wind speed of 25 m/s, with a 1 m/s increment. The power curves reflected the enhanced lift inboard of the blade owing to stall delay as modeled with the Corrigan post-stall model. 13 A Rayleigh wind speed distribution was used in computing the AEP. Two wind classes of the International Electrotechnical Commission (IEC) were considered, namely class II and IV having an average wind speed of 8.5 m/s and 6 m/s, respectively. No losses were considered, and thus the AEP values presented in this paper represent the gross output.
Cost of energy computation
The COE was calculated using the following expression:
In this equation, the turbine cost TC was based on blade cost assuming that the blades represent 20% of the total turbine cost. The blade cost was determined according to a weight estimate for E-glass using a price of $20/kg, which includes labor, overhead, and profit. For the balance of station BOS a cost of $200/kW was considered, thus fixing the BOS to $150,000 for a 750-kW turbine. The fixed charge rate FCR was 11% and a 98% availability was applied to the annual energy production AEP. Finally, a fixed cost of $0.01/kWh was used for operation and maintenance O & M. The value of 20% for the blade cost over total turbine cost and the BOS, FCR, and O & M costs were obtained from discussions with NREL personnel. This COE model is simplistic, but the results will show that this was an appropriate model for this study.
In estimating the blade weight, the hub (5% of blade span) was modeled as a tube, and the airfoil section was modeled as an I-beam without a shear web, as shown in Fig. 1 . This modeling approach has been used in other wind turbine optimization work. 14 The hub skin thickness is t sH and the chord or diameter of the hub is c H . For the airfoil section at a given blade segment, t sA is the skin thickness, c is the chord, and t is the physical thickness. It is important to note that in this modeling of the airfoil section, the skin as shown in Fig. 1b is not the actual spar but rather a representation of the overall skin thickness that is carrying the load. The procedure for estimating the blade weight began with the computation of the flap-bending loads at each blade segment from the thrust distribution for a given load condition. Even though there are many design load cases in the IEC standards, 15 the ultimate flap-bending loads were taken as the critical case to consider because of the inverse relationship between the c l,max of the airfoils used and the resulting blade area. As mentioned in the introduction, the use of high-lift airfoils will minimize the blade solidity for a given swept area as compared with the use of low-lift airfoils. Accordingly, the IEC 50-year extreme wind speed 15 for either a wind class II (59.5 m/s) or IV (42 m/s) was used in this study to compute the blade loads when the rotor is parked and fully exposed to the wind (worst-case hurricane condition). The IEC load factor of 1.35 was applied to the static flap-bending loads. Using the static flap-bending load M for a given blade segment or radial position r, the required moment of inertia I for that segment to match a prescribed stress level σ p along the blade was computed according to Eq. 2. The skin thickness t in Eq. 2 represents either that of the hub or the airfoil section for a given blade segment.
The prescribed stress level for each blade segment was derived from an allowable stress for E-glass, which was the material of choice for this study, using a safety margin that decreased linearly from 2.0 at the root to 1.5 at the tip. Under an ultimate strength test, failure of E-glass blades typically occurs at approximately 4000 micro strains, 16 which corresponds to a material strength of 110 MPa. To account for residual stresses, an allowable stress level of 94 MPa was used (15% knockdown).
Given the required moment of inertia at each blade segment, the required skin thickness was then determined from Eqs. 3 and 4 for the hub and airfoil sections, respectively. Note that the contribution of the skin about its own rotational axis was neglected in the expression of the moment of inertia of the airfoil section because it is much smaller than the inertia resulting from the distance of the material from the neutral axis. Also, the minimum skin thickness was set to 5 mm.
From the skin thickness distribution along the blade obtained from Eqs. 3 and 4, the blade cross-sectional area at each segment was calculated according to Fig. 1 . Practically, however, not all the skin of the blade is carrying the load. Consequently, the minimum skin thickness was applied to the airfoil perimeter along the leading and trailing edges. The blade material volume was then computed from linear extrapolations of the local cross-sectional area of each of the 10 blade segments. Finally, the blade weight was obtained using a density of 2000 kg/m 3 , which is representative of E-glass. Figure 2 summarizes the process of computing COE. 
Airfoil data
Because of the limited amount of aerodynamic data on low c l,max airfoils designed for large HAWTs and short of designing airfoils specifically for this work, synthesized airfoil data covering a c l,max range of 0.7−1.2 was generated for this study. This synthesized airfoil data was based on Eppler code 17 predictions for the NREL S818 (root, c l,max of 1.4), S827 (primary, c l,max of 1.0), and S828 (tip, c l,max of 0.9) airfoils, which form one of the NREL thick-airfoil families for extra-large blades (referred to here as the baseline airfoil family). 3 Data was synthesized for a total of five airfoil families including the baseline family. The S818 was used as the common root airfoil for all families. The primary and tip airfoils had c l,max between 0.8−1.2 and 0.7−1.1, respectively. Figure 3 presents the synthesized data for the five primary airfoils.
The method used to obtain the synthesized data from the lift and drag coefficients (c l and c d ) of the S827 and S828 was to add a c l increment (∆c l ) to attain the desired c l,max and modify the c d values using a scale factor, which depended on the ∆c l . More precisely, the c d scale factor was set to 1.0 for negative ∆c l while values of 1.0375 and 1.075 were used for ∆c l of 0.1 and 0.2, respectively. These c d scale factors were derived from Eppler predictions for other NREL airfoils, namely the S816, S817, and S829, which were also designed for extra-large blades. 3 18 and S814 19 airfoils were used to extend the data into stall. Therefore, the root S818 airfoil had a harder stall than that for the primary and tip airfoils, which used the S809 stall characteristics. The roughness effects were not modeled in this study because a recent report indicated that roughness effects on aft-cambered NREL airfoils are mainly driven by airfoil thickness and not c l,max . 20 In this study, the airfoil thickness distribution is the same for all airfoil families. Therefore, roughness losses can be considered to be essentially the same owing to the similarity in the airfoils' characteristics. Although not presented in this paper, the airfoil data covered the Reynolds number range of 2-5x10 6 with an increment of 1x10 6 . Furthermore, the Corrigan post-stall model 13 was used to modify the twodimensional data for three-dimensional and rotational effects. In terms of using the data, linear interpolation was used between airfoil data files for stations where there is a blend of airfoils. The use of these airfoil data files allows for the interpolation/extrapolation of the data with Reynolds numbers. Linear interpolation is used for lift, and logarithmic interpolation is used for drag to accurately represent the airfoil characteristics. Note that extrapolation of the data is not performed for Reynolds numbers smaller than the minimum Reynolds number in each airfoil data file, i.e., 2x10 6 .
Case matrix and optimization cases
The case matrix used for this study is shown in Table 1 . A total of five design cases were considered representing the five airfoil families. The airfoil names starting with "75" represent the primary airfoils that are located at 75% radius while those beginning with "95" (95% radius) are the tip airfoils. Again, the root airfoil was the same for all airfoil families, and thus it has been omitted in Table 1 . Each airfoil name has a two-digit number by the "75" or the "95" representing the c l,max of that airfoil. Therefore, airfoil 75-08 is a primary airfoil with a c l,max of 0.8. All cases or airfoil families have a c l,max that decreases from root to tip, in a similar fashion to the NREL airfoil families. Case 10-09 represents the baseline airfoil family. As mentioned in subsection 2.1, optimizations were performed for both maximum AEP and minimum COE, which represent the two optimization cases. The optimizations for maximum AEP were performed for IEC wind class II under two scenarios. In the first scenario, the rotor diameter was fixed to the baseline value of 44 m. For the second scenario, the rotor diameter was increased with decreasing c l,max . Table 2 indicates the increase in diameter and corresponding increase in swept area for each of the five cases. The optimization for minimum COE, for which the rotor diameter was a free variable, was carried out for IEC wind classes II and IV. Overall, a total of 20 PROPGA runs were performed in this study. 
Results and Discussion
This section presents the results for AEP and COE for each of the five cases shown in the case matrix (see Table 1 ). In addition, the chord distribution for each case is depicted. The results for the two optimization cases are presented and discussed separately. Figure 4 shows the AEP for the five design cases. Clearly, the AEP is basically the same for all cases when the rotor diameter was fixed (maximum difference of 0.3%). As expected, the AEP scales with the increase in rotor diameter, with a maximum difference of 3% in AEP.
Optimization for maximum AEP
The blades that were optimized for maximum AEP were also analyzed for loads and cost to provide COE estimates, which are presented in Fig. 5 . These COE results indicate an advantage in using the highest c l,max case, particularly when the rotor diameter was fixed. Increasing rotor diameter with decreasing c l,max helped reduce COE, but the higher c l,max cases (cases 11-10 and 12-11) provided the lowest COE. The lower COE of the higher c l,max cases can be explained by the chord distributions depicted in Fig. 6 . For a given rated power, the blade area is inversely proportional to the c l,max of the airfoils used. Therefore, the lower c l,max cases resulted in broad outboard chord lengths, thereby resulting in higher blade loads under the 50-year extreme wind condition and larger overall cost of the turbine. The inboard chord distributions were mostly similar because the same root airfoil was used. 
Optimization for minimum COE
The COE results for the blades optimized for minimum COE are presented in Fig. 7 . These results show again that the higher c l,max cases provided the lowest COE for the two wind classes considered. As expected, the COE was largest in the case of the low wind regime (IEC wind class IV). The chord distributions are depicted in Fig. 8 . The blades designed for IEC wind class II are almost identical. Consequently, the parked rotor in a 50-year extreme wind condition clearly drove the blade design, which explains the rather large inboard chords given the fixed airfoil thickness distribution. These inboard chords could be reduced to more practical values using a thicker root airfoil at the cost of increased roughness losses. 20 The ultimate load condition was less severe for the IEC wind class IV, and thus the differences in chord distributions were larger in that case. PROPGA found that slightly larger rotor diameters than the baseline (44.8-45.2 m) were optimum for IEC wind class IV, whereas the optimum rotor diameters for IEC wind class II were found to be essentially the same as the baseline value. Therefore, the rotor diameter seems to be more related to the wind regime than c l,max . 
Additional remarks
Although added complexity could have been included in the COE model, such as linking thrust and torque loads to tower and drive-train cost, respectively, the results shown in subsections 3.1 and 3.2 indicate that this was not necessary. Similar to the ultimate flap-bending loads considered in this study, the thrust loads scaled with blade area (fixed rated power). Therefore, linking the thrust loads to the tower cost would have increased the overall turbine cost when using airfoils having c l,max in the lower end of the range considered as compared with using airfoils with c l,max in the upper range. Also, because of the fixed rated power, the torque loads were basically identical. Consequently, adding complexity to the cost model would have increased the difference in the COE values between the design cases, but those results would have still favored the highest c l,max cases over the lower ones. Finally, the total installed cost of the turbines was between $750 and $1100 per kW.
To limit the length of this paper, the optimized twist distributions and pitch settings were not presented because they were not needed to explain the trends in the results. Based on the nature of the synthesized airfoil data described in subsection 2.5, the optimized twist distributions and pitch settings were quite similar for all cases. The twist distributions were smooth and the blade pitch defined at 75% radius was between 2 and 3 degrees.
Conclusions
The results of this study on the blade design trade-offs using low-lift airfoils for stall-regulated HAWTs have led to the following conclusions and recommendations.
• For minimum COE, the ultimate flap-bending loads for the hurricane condition drive the design away from increasing the swept area with a reduction in c l,max . Therefore, the swept area does not appear to be related to the c l,max of the airfoils used.
• A c l,max of 1.0 appears to be the lower practical limit for airfoils for stall-regulated HAWTs, unless there are other benefits to choosing lower c l,max , such as for noise considerations.
• Higher c l,max tip-region airfoils become more desirable as machine size increases.
• Future airfoil designs should seek to increase c l,max while preserving gentle-stall characteristics.
These conclusions are likely to change, however, for other materials, such as carbon, and for smaller turbines because of Reynolds number effects and more importantly manufacturing issues, i.e., increasing c l,max could lead to a chord length that is difficult, if not impossible to manufacture.
Gentle-stall characteristics have been desirable for stall-regulated HAWTs and should be beneficial for any wind turbines independent of the strategy used to control peak power. For pitch-regulated turbines that pitch towards feather, however, the need for gentle stall depends on the ability of the controller to keep the blades out of stall in gusty wind conditions.
